ABSTRACT An experiment was conducted to investigate which method, apparent ileal digestibility (AID) or standardized ileal digestibility (SID), more accurately predicts the digestibility of crude protein (CP) and amino acids (AA) in mixed diets fed to broiler chickens. Male Ross 308 broiler chickens received a standard starter diet from d 0 to 16 post hatching, thereafter grouped into 8 blocks, based on body weight (BW), of 10 birds/cage, and randomly allotted to 6 diets in a randomized complete block design. The 6 diets consisted of a nitrogen-free diet, 3 semi-purified diets, and 2 mixed diets to test the additivity of AID and SID in mixed diets. On d 21 post hatching, digesta from two-thirds of the distal ileum was collected. Using the determined AID or SID for CP and AA in wheat, canola meal (CM), or sorghum distillers dried grains with solubles (DDGS), the AID or SID for 2 mixed diets based on wheat-CM or wheat-CM-DDGS were predicted and compared with determined AID or SID, respectively. The results revealed that the predicted SID of CP and AA in the wheat-CM mixed diet were consistent with determined values except for Asp and Ser, and all the predicted SID of CP and AA were consistent with the determined values in the wheat-CM-DDGS mixed diet. The determined AID of Ile, Met, Thr, Val, Ala, Cys, Ser, and Tyr in the wheat-CM mixed diet were greater (P < 0.05) than predicted AID values. For the wheat-CM-DDGS mixed diet, the determined AID of Trp, Cys, and Glu were greater (P < 0.05) than the predicted AID values. However, there were more inconsistencies between the determined and predicted values in AID values for wheat-CM than the wheat-CM-DDGS mixed diet than SID values for both diets. In conclusion, the present study confirmed that the SID of CP and AA was more additive than the AID of CP and AA when a mixed diet contained wheat, CM, and DDGS as protein sources in broiler chickens.
INTRODUCTION
The nutritional value of a feed ingredient is determined ultimately by its digestible nutrient content. Therefore, the quality of protein in feed ingredient is not determined only by amino acid (AA) composition, but also by potential to release biologically available AA for the synthesis of protein. In the formulation of poultry diets, the basic assumption is that the supply of digestible nutrient in a mixture of feed ingredients is equal to the sum of the supply based on the digestibility values determined from individual feed ingredients in a complete diet (Hong et al., 2001) . Therefore, the additivity assumption must hold true in order to validate the accuracy of a formulated diet for poultry. To achieve this goal, with respect to dietary protein and AA, accurate information on AA digestibility in feed-C 2018 Poultry Science Association Inc. Received May 4, 2018. Accepted October 8, 2018. 1 Corresponding author: ladeola@purdue.edu stuffs is required. Accurate formulation of poultry diets is critical for proper protein usage to prevent increased nitrogen output, improve feed efficiency, and reduce the cost of production.
Several studies reported the additivity of ileal digestibility of AA in pigs (Furuya and Kaji, 1991; Stein et al., 2005; Xue et al., 2014) , but corresponding information for broiler chickens is limited. Wheat, canola meal (CM), and sorghum distillers dried grains with solubles (DDGS) are common feed ingredients in diets for poultry and often have a high fiber content and antinutritional factors, such as tannin, glucosinolate, and non-starch polysaccharides. However, the assumption of additivity is not well established in diets for broiler chickens containing multiple protein sources.
Therefore, the objective of the present study is to investigate the additivity of apparent ileal digestibility (AID) and standardized ileal digestibility (SID) of CP and AA in mixed diets containing wheat, CM, or sorghum DDGS for broiler chickens. It is hypothesized that the determined AID or SID of CP and AA for mixed diets is not different from predicted values calculated from AID or SID of CP and AA in each ingredient.
MATERIALS AND METHODS
The experiment protocol was approved by the Purdue University Animal Care and Use Committee (West Lafayette, IN).
Animals, Housing, and Experimental Design
A total of 480 Ross 308 male broiler chickens were used in this study. All birds received standard starter diet from d 0 to 16 post hatching. Birds were reared in an electrically heated battery brooders (model SB 4 T, Alternative Design Manufacturing, Siloam Springs, AR) maintained at 35, 32, and 27
• C from d 1 to 8, d 8 to 15, and d 15 to 21, respectively, with continuous fluorescent lighting. Birds were provided ad libitum access to water and feed from d 1 to 21. A standard starter diet was formulated to contain energy and nutrients at levels that met or exceeded the estimated requirements for broiler chicks (NRC, 1994) . On d 16 post hatching, all birds were individually weighed and assigned to 6 experimental diets in a randomized complete block design with BW as a blocking factor using a spreadsheet program (Kim and Lindemann, 2007) . The mean initial BW was 435 g. Each treatment contained 8 replicate cages with 10 birds/cage. Birds were fed the assigned experimental diets from d 16 to 21 post hatching. The experimental unit was the cage.
Dietary Treatments
Ingredient composition of experimental diets is presented in Table 1 . An N-free diet (NFD) was formulated to estimate the basal ileal endogenous losses (BEL) of AA. Three diets were formulated to contain wheat, CM, or DDGS, as the sole source of CP and AA to measure the AID and SID for CP and AA in ingredients, which were used to calculate the predicted AID (AIDp) and SID (SIDp) of CP and AA in mixed diets. Two mixed diets containing wheat and CM, or wheat, CM, and DDGS were formulated to measure the AID and SID of CP and AA in mixed diets. A single batch of ingredient was used for wheat, CM, and DDGS. The calculated CP levels were 0, 87, 180, 180, 180, and 180 g/kg for NFD, wheat, CM, DDGS, wheat-CM, wheat-CM DDGS, respectively. All other nutrients and energy contents met or exceeded the estimated requirements for broiler chickens (NRC, 1994) . Chromic oxide was incorporated into diets at 5 g/kg as an indigestible marker.
Sample Collection and Chemical Analysis
On d 21 post hatching, all birds were euthanized by CO 2 asphyxiation and ileal digesta was collected from two-thirds of the distal ileum (portion of the small intestine from Meckel's diverticulum to approximately 1 cm anterior to the ileocecal junction) by flushing the intact ileum with distilled water (Kluth et al., 2005) . Collected ileal digesta samples from 10 birds within a cage were freeze dried for further analyses of Cr, N, and AA. All diets and freeze-dried ileal digesta samples were ground in a model ZM 200 centrifugal mill (Retsch ZM 200, GmbH & Co. K.C., Haan, Germany) installed with a 0.5-mm screen. The concentration of dry matter (DM) in diets, ingredients, and freeze-dried ileal digesta samples were determined by drying the samples in a forcedair drying oven (Precision Scientific Co., Chicago, IL) at 105
• C for 24 h (Precision Scientific Co., Chicago, IL; method 934.01, AOAC, 2006) . Wet digestion in nitric acid and 70% perchloric acid were conducted before Cr determination (Fenton and Fenton, 1979) in diets and freeze-dried ileal digesta samples followed by measuring absorption using a Spectronic 21D spectrophotometer at 450 nm (Milton Roy Co., Rochester, NY). In ingredients, acid detergent fiber (ADF) [method 973.18 
Calculations and Statistical Analysis
The AID (%), BEL (mg/kg of DM intake), and SID (%) of CP and AA were calculated using the equations described by Dilger et al. (2004) :
where Cr i and Cr o are the concentration of Cr in diet and ileal digesta, respectively (mg/kg of DM); AA i and AA o are the concentration of AA in diet and ileal digesta, respectively (mg/kg of DM); and BEL (mg/kg DMI) of an AA is calculated from the NFD. The average BEL of each AA from the 8 cages of birds that received the NFD was used to derive SID. The equations were also used in calculating CP digestibility with AA replaced by CP.
The AID or SID of N and AA in wheat, CM, and DDGS determined in semi-purified diets were used for calculating AIDp (%) or SIDp (%) of CP and AA in Table 1 . Ingredient composition of experimental diets, g/kg as-fed basis. the mixed diets according to the following equation:
in which AIDp (%) is the predicted AID for an AA in the mixed diet; AA wheat , AA CM , and AA DDGS are the concentrations (%) of that AA contributed by wheat, CM, and DDGS, respectively, which were calculated by multiplying the concentration of that AA (%) in that ingredient by the proportion (%) of the ingredient in the mixed diet; and AID wheat , AID CM , and AID DDGS are AID (%) of the AA-determined ingredient. The SIDp of AA (%) in mixed diet was calculated using the same equation as with AID except that SID replaced AID. The AIDp and SIDp in the wheat-CM mixed diet were calculated using the same principle as previously outlined (Kong and Adeola, 2014) . Data for AID and SID of CP and AA in ingredients and mixed diets were analyzed using the MIXED procedure of SAS (version 9.4; SAS Inst. Inc., Cary, NC). Predicted values were subtracted from determined values for each of AID and SID, and thereafter differences were tested for difference from zero using one-sample 2-tailed t-test by TTEST procedure of SAS. Statistical differences were established at P < 0.05.
RESULTS AND DISCUSSION
All the birds remained healthy throughout the experiment and readily consumed their designated diets. The analyzed concentration of CP, crude fiber, ether extract, ADF, NDF, and AA of wheat, CM, and DDGS presented in Table 2 1 NFD = N-free diet; DDGS = sorghum distillers dried grains with solubles; and CM = canola meal.
The analyzed DM, CP, and AA concentration in experimental diets are presented in Table 3 . The analyzed CP contents in NFD, wheat, CM, DDGS, wheat-CM, and wheat-CM-DDGS mixed diets were close to calculated values. It is widely accepted that ileal rather than total tract digestibility is a more reliable means for measuring AA digestibility in poultry due to the modifying action of the microflora in the large intestine (Ravindran et al., 1999b) . In order to assess the digestible AA content in individual feed ingredients or mixed diets, AID is commonly used (Huang et al., 2006; Kong and Adeola, 2010) . Nevertheless, several studies have shown a lack of additivity of determined AID of AA in for most of the AA in mixed diets predicted from the AID of AA in individual feed ingredients (Imbeah et al., 1988; Angkanaporn et al., 1996; Kong and Adeola, 2013) . The lack of additivity might be a result of the underestimation of the AID of low CP ingredients, such as cereal grains, which has been reported in mixed diets containing corn in poultry (Kong and Adeola, 2013) . Based on this, SID, which is corrected for BEL, has been suggested to be more additive (Mosenthin et al., 2000; Stein et al., 2007; Kong and Adeola, 2013; Wang et al., 2018) .
The results of AID for all the ingredients and mixed diets are presented in Table 4 . The AID of CP and AA for wheat, CM, and DDGS are within the range of previous data (Wayne and Li, 2010) . The BEL for most of AA in the present study (Table 5) Table 6 . Similar to previous reports, the AID of Thr was the lowest among indispensable AA in wheat and CM, and it was the third lowest in DDGS. However, the SID of Thr for ingredients was not the lowest among all essential AA. The poor AID of Thr in wheat and CM is in agreement with a previously reported study (Fan et al., 1993) , and these results could be attributed to the low content of Thr in wheat and CM, in addition to the high BEL of Thr. In the present study, the AID and SID values for CP and AA in DDGS are lower than reported values especially for Lys (Urriola et al., 2010) . During processing or prolonged storage, Lys might form complex with other compounds in feedstuffs or with tannin, which is an anti-nutritional factor in sorghum (Armstrong, 1983) , might explain the extremely low AID for Lys in DDGS. However, in a pig study, Stein (2007) also indicated that DDGS with Lys to CP ratio greater than 2.8% have limited heat damage, but the Lys to CP ratio of the DDGS used in this study was 1.6%. Thus, the DDGS used in this experiment may have been heat damaged. Application of heat to feed ingredients may initiate Maillard reactions, which decrease the concentration and digestibility of Lys and other AA (González-Vega et al., 2011) . Lysine is particularly susceptible to Maillard reactions because of its free amino group, which easily reacts with reducing sugars. However, in a study conducted in pigs, Pahm et al. (2008) observed a greater SID of CP and AA in distillers grains than in distillers grains with solubles, which is most likely caused by a greater AA digestibility in the whole stillage than in solubles. This observation concurs with Nasi et al. (1985) who reported that the AID CP was lower in solubles than in distillers grains. The digestibility of Lys by cecectomized turkeys in distillers solubles was 51% (Belyea et al., 1998) , which also indicates that the digestibility in solubles is low. A contributing factor to the greater digestibility in distillers grains than in distillers dried grains may be that less heat is required to dry the distillers grains if solubles are not added to the stillage. Therefore, the risk of reducing AA digestibility is reduced in distillers grains compared with distillers grains with solubles. The BEL of AA could be determined by several methods but feeding NFD is still the most common because of its methodological simplicity (Adeola, 2001) . The main concern with NFD method is the physiological status of experimental animals (de Lange et al., 1989) . Due to the deficiency of AA, the degradation of body proteins in animals fed with NFD increased to release AA for maintaining normal biological functions, which results in a high level of dispensable AA, especially proline and glycine, in the ileal AA flow (Jansman et al., 2002) . The BEL obtained in the present study are within the range of previous poultry studies (Kong and Adeola, 2013; Adedokun et al., 2014; Ravindran et al., 2014) .
In Table 7 , the differences between determined and predicted values of AID and SID for CP and AA in mixed diets are presented. The results revealed that the SIDp were consistent with determined values in wheat-CM mixed diet, except for 2 AA (Cys and Ser). Arg  279  26  His  124  18  Ile  310  42  Leu  465  87  Lys  341  64  Met  93  18  Phe  294  48  Thr  496  63  Trp  77  14  Val  449  82  Dispensable AA  Ala  310  39  Asp  604  101  Cys  201  23  Glu  728  110  Gly  372  69  Pro  511  84  Ser  403  77  Tyr  201  21  Total AA  7,035 1 Data are least squares mean of 8 observations. 2 Average feed intake (5 d) for birds fed NFD = 200 g/bird.
In wheat-CM-DDGS mixed diets (Table 7) , the SIDp was consistent with the determined values for all AA and CP and thus additive. These agree with data from previous studies (Furuya and Kaji, 1991; Fan et al., 1993), which indicate that SID of CP and AA in mixed diets could be predicted by SID values of ingredients. In wheat-CM mixed diet (Table 7) , the determined AID of Met, Thr, Val, Cys, Glu, Ser, and Tyr were greater (P < 0.05) than predicted values. Similarly, determined AID of Trp and Cys in wheat-CM-DDGS diet (Table 7) was greater (P < 0.05) than AIDp values, which is consistent with previous report that AID of AA were not additive in mixed diets containing wheat for non-ruminant animals (Furuya and Kaji, 1991) . Canola meal with high glucosinolate content could exert an adverse effect on feed intake and release various harmful products that influence the normal function of the gastrointestinal tract (Bell, 1993) . Improper processing of CM may cause Maillard reactions and reduce the digestibility of Lys. Other antinutritional factors, such as trypsin inhibitor, sinapine, lignin, and tannin, could affect protein hydrolysis and AA digestibilities as well.
The addition of DDGS to the wheat-CM mixed diet to produce wheat-CM-DDGS mixed diets resulted in determined AID values consistent for CP and all AA except for Trp and Cys which were greater than the AIDp values (Table 7) . Thus, the addition of DDGS resulted in less individual AA having greater determined than AIDp when compared with wheat-CM mixed diet. In diets with low CP concentration, the CP and AA of endogenous origin contribute relatively more to the total flow of CP and AA at the distal ileum compared to diets with greater concentrations of CP (Fan et al., 1994) , which results in lower AIDp in diets if feed ingredients with low concentration of CP and AA were used (Fan et al., 1994) . It should be noted, however, that estimating the AID using the difference method for low-protein feeds rather than the direct procedure that was used in the current experiment may alleviate some of these issues (van Leeuwen et al., 1987; Fan and Sauer, 1995) .
Differences between the determined and predicted values for SID in the two mixed diets used in the current experiment were numerically smaller than the differences for AID; this was true for 9 out of 40 observations in the two diets. Significant differences between determined and predicted values for SID were obtained in only 2 out of 40 total observations. The largest differences between determined and predicted values for SID were obtained for Thr. This is likely because the endogenous loss of Thr. Previous studies (Adedokun et al., 2008; Kong and Adeola, 2013) showed a relatively high content of Thr in endogenous protein in digesta collected from distal ileum of broiler chickens fed a protein-free diet. Kong and Adeola (2013) reported that there were differences between determined and AIDp of several AA for broiler chickens fed a corn-soybean meal mixed diet, whereas SID had differences in none of the AA. Likewise, the determined total tract apparent AA digestibility were greater than the predicted AA for ducks fed a barley-CM-based diet, whereas there are no differences between determined and predicted for true AA digestibility (Hong et al., 2001) . The results of the present study are in good agreement with Kong and Adeola (2013) and Hong et al. (2001) . In contrast to the present study, Angkanaporn et al. (1996) indicated that both apparent and true ileal AA digestibility values for broilers are additive. Angkanaporn et al. (1996) used soybean meal, sunflower meal, and meat and bone meal as test ingredients compared with wheat, CM, and DDGS used in the present study. Fan et al. (1994) reported that there was quadratic increase in apparent ileal AA digestibility as the dietary CP content increased from 4 to 24% for pigs and the corresponding dietary levels of CP to the threshold levels of each AA at which digestibility reached a plateau ranged from 11% for Glu to 16.5% for Val. Therefore, if CP level in the semipurified diet that is used for determining AID of ingredient is below the plateau CP value, determined AID may be underestimated and the actual AID of such ingredients would increase when the CP value in mixed diets meets or exceeds the plateau values. The BEL using NFD method can be influenced by the ingredient composition of the NFD. In a broiler chicken study, Kong and Adeola (2013) observed that the BEL was higher when corn starch was completely replaced by dextrose in the NFD, compared with partial or no replacement of corn starch. Kong and Adeola (2013) have also suggested that it would be necessary to use a standard NFD for estimating the BEL in broiler chickens to minimize any variation from using different NFD across experiments.
In conclusion, the results of the present study support the hypothesis that digestibility of AA based on SID are more additive in a mixed diet than are those based on AID in diets containing wheat, sorghum distillers dried grains with solubles and CM as AA sources. As a result of the improvement in enzyme technology, the use of exogenous enzymes on additivity of SID of AA in mixed diets containing poor quality ingredient will improve the AA digestibility, which might result in more AA been additive. Because of the larger proportion of basal endogenous amino losses for AA digestibility in low-protein feed ingredients when the direct procedure is used to determine AA digestibility, future studies should investigate the direct and indirect procedures as well as similar concentrations of AA sources in each of the mixed diets.
